Introduction {#s0010}
============

Following a period of relative disinterest in infectious disease research due to the enormous impact of vaccines and antibiotics on the spread of and mortality from these diseases, there is now renewed and growing interest in this area of research. This has been driven by several recent worldwide developments including: (i) the rising incidence of diseases such as Acquired Immune Deficiency Syndrome (AIDS) and antibiotic-resistant tuberculosis; (ii) antibiotic-resistant bacterial strains presenting a severe health threat in hospitals; (iii) the rapid spread of new pathogens such as Severe Acute Respiratory Syndrome (SARS); and (iv) the threat of bioterrorism. Indeed, nearly 25% of annual deaths worldwide are due to infectious disease ([@bib62]). Thus, the need to develop new diagnostic methods, more effective vaccines and better therapeutic strategies is urgent.

In order to effectively deal with infectious disease threats, it is important to understand both the pathogen and the response of the host, since the outcome of infection is determined by complex host--pathogen interactions. Pathogens are initially detected by the surveillance cells of the innate immune system using cell surface receptors known as Toll-like receptors (TLRs) (reviewed in \[[@bib15], [@bib16]\]). These TLRs recognize specific components of the pathogen, for example, bacterial lipopolysaccharide (LPS) or double-stranded (ds) RNA from viruses. While many cell types express TLRs, cells of the innate immune system such as dendritic cells (DCs) and macrophages play particularly important roles in detecting and responding to pathogens. The response of these cells to a pathogen is determined by the specific pathogen component that interacts with the TLR and the specific TLR family member that is activated. Widespread changes in gene expression are detected following TLR activation and the activated cells produce a plethora of cytokines and chemokines that then activate the adaptive arm of the immune system. The specific cytokines and chemokines produced by the TLR-activated cells tailor the response of the adaptive immune system to deal with the specific pathogen ([@bib15], [@bib16]). Thus, the initial host response to a pathogen through the TLRs determines the outcome of the infection. Host response to infection can be a double-edged sword in that sometimes the response itself can create an adverse outcome for the host. In addition, the aberrant response of the host to self instead of foreign pathogens can create severe pathologies involving chronic inflammatory and autoimmune diseases.

The urgent need to better understand host--pathogen interactions has come at a time when genomics and related technologies are expanding rapidly. The availability of complete genomic sequences of an expanding number of pathogens, the human and mouse genome sequences and the advent of genome-wide genotyping and gene expression profiling has opened up new avenues of investigation in the field.

The genotype of the pathogen plays a major role in the response of the host to infection with more virulent pathogenic strains often possessing the capability to interfere with the host immune response ([@bib26]; [@bib41]; [@bib76]). In addition, different individuals in a population can have very different responses to a genetically identical pathogen. While there are many complex reasons for this, it is clear that part of the differential response is governed by underlying genetic differences between individuals ([@bib14]; [@bib89]). Studies in mouse models of infection have clearly demonstrated that these genetic differences are complex and may involve more than one genetic locus for a given susceptibility or resistance trait (e.g., \[[@bib18]\]). While there are some classic examples of genetic mutations affecting the response of the host to a pathogen (e.g., malaria and sickle cell mutations) there is much to be learned before the genetics of host susceptibility is fully understood. The advent of genome-wide genotyping using single nucleotide polymorphisms (SNPs) or microsatellite markers, leading to major advances in molecular epidemiology, will revolutionize our ability to determine the complexities of the genetic component of pathogen--host interactions ([@bib86]).

It is well known that the cells of the host immune system are activated upon detection of a pathogen by TLRs as described above. This activation process includes widespread changes in the gene expression profile of the cells with hundreds of genes being either switched on or off in response to signals generated from the pathogen-detecting TLRs. The response of individual genes has been studied in minute detail for a handful of genes and while this has produced an understanding of some aspects of host response to infection it by no means gives us the total picture. Understanding the molecular response of the host to infection has been greatly improved by using microarray-based technologies and these technologies are opening up new diagnostic possibilities as well as presenting new therapeutic options ([@bib1]; [@bib11]; [@bib24]; [@bib33]; [@bib43]; [@bib65]; [@bib71]; [@bib72]; [@bib83]).

This chapter will focus on two aspects of the host response to pathogens where major advances are being made using genomics approaches and will describe the future impact of these approaches on the development of diagnostics and therapeutics for infectious disease. These are (i) defining the basis of genetic susceptibility to infection and (ii) the definition of the system-wide molecular response to a pathogen.

Genetic Susceptibility to Pathogens {#s0020}
===================================

It is now relatively easy to map genes associated with genetic diseases that show a Mendelian pattern of inheritance. However, these diseases account for only a very small proportion of the human disease burden and many of the more common and fatal diseases have a complex etiology with many genetic and environmental contributions. While it is clear that most complex disease has a genetic component, defining that genetic component has been difficult to date since many complex diseases such as coronary heart disease, diabetes and others are polygenic with different genetic loci contributing in major or minor ways to disease susceptibility. In addition, in different populations or under different environmental conditions, distinct but overlapping sets of genetic loci are likely to contribute. The sequencing of the human genome and the genome-wide genetic and functional mapping that has followed have raised hopes of mapping the genetic component of complex disease and there are many large efforts around the world with this aim.

Studies in both animal models and human populations have shown that infectious disease and the response of the host to a specific infection also has a complex genetic component ([@bib14]; [@bib47]; [@bib54]; [@bib59]). Thus, inbred mouse models have been developed that clearly show a genetic component to susceptibility for specific pathogens and in some cases at least part of the underlying genetic reason has been defined ([@bib5]; [@bib53]; [@bib73]). Mapping the genetic components of susceptibility to infection in human populations has been much more difficult due to the large natural variation in humans, the polygenic nature of this trait and the low penetrance of many of the susceptibility alleles. For infectious disease, this is complicated even more by the complex nature of the environmental influences particularly the fact that these diseases, unlike other complex diseases, are transmissible in populations. However, a combination of animal and human population studies, combined with the latest genomic technologies, is beginning to unravel the issues of genetic susceptibility to infection.

The use of inbred and congenic strains of mice are well established systems for identifying susceptibility loci ([@bib5]; [@bib73]). In recent years genetic manipulation of specific loci by deletion or mutation has provided many mouse models for screening ([@bib53]). The use of ethylnitrosourea (ENU) mutagenesis to randomly create point mutations in the mouse genome has opened up a new forward genetics approach to identifying susceptibility loci ([@bib67]). This chemical mutagen, when used at appropriate doses and at the correct stage of development, can introduce single point mutations into the mouse genome. By screening libraries of mutant mice for susceptibility to specific pathogens, it should be possible to identify genetic loci that dictate susceptibility or resistance to a range of pathogens on a large scale. It is relatively straightforward to identify a chromosomal region involved in susceptibility in these mouse strains by genotyping with microsatellite markers, but identifying the specific gene that is mutated is still very time-consuming. The speed with which this can be achieved depends on the presence of candidate genes within the chromosomal interval or the ability to resequence large amounts of DNA. The latter is becoming achievable with the advent of new rapid sequencing technologies and is set to revolutionize forward genetic approaches to disease understanding ([@bib6]; [@bib80]).

The recent explosion in genetic information for the human genome including the complete genome sequence and detailed genetic and physical maps has increased our ability to find variation in the human genome and correlate it with disease. Family studies, especially twin studies, and population studies have clearly shown a genetic component to susceptibility to infectious disease ([@bib28]; [@bib47]; [@bib84]). Susceptibility generally follows a complex pattern of inheritance and there are two main methods of mapping and identifying genetic loci involved in such complex heredity. These are either association studies or linkage studies. Association studies involve screening populations for specific mutations in a candidate gene(s) in case--control studies or in family studies. This type of approach identified the link between Human Immunodeficiency Virus (HIV) resistance and the chemokine receptor, CCR5 described below ([@bib17]; [@bib75]). Genome-wide association studies although still quite expensive are now becoming feasible and being used to define linkage between specific markers and susceptibility. These linkage studies depend on the availability of markers and the density of these markers is rapidly increasing with the large scale identification of new SNPs across the human genome. The selection of which SNPs to use and the large numbers of samples needed to generate statistically significant associations for low penetrance alleles are still challenges. The Haplotype MAP (HapMap) project is starting to identify haplotypes within different population groups and together with improvements in large scale genotyping technology and bioinformatics should be useful in studies of complex disease inheritance. [Table 57.1](#t0010){ref-type="table"} summarizes the best studied genetic susceptibility loci for response to different infectious agents in both mouse models and human studies.Table 57.1List of well-described susceptibility loci for resistance or susceptibility to infectious diseasePathogenGenesReferencesHIV*CCR5*[@bib17]; [@bib75]HLA Class I[@bib34]; [@bib46]; [@bib79]*CCR2*[@bib52]; Su et al. (1999) MalariaGlobin locusReviewed in [@bib68]HLA Class I[@bib58]; [@bib88]; Reviewed in [@bib35], [@bib36]*TNF-*α promoter[@bib55]; [@bib85] Leprosy*TLR2*[@bib40]; [@bib8]HLA Class II[@bib81]; [@bib56]*TNF-α* promoter[@bib74]; [@bib81] *LegionellaTLR5*[@bib32]; [@bib57] TuberculosisHLA Class I[@bib49]; Vijaya Lakshmi et al. (2006)*NRAMP1/Slc11a1*[@bib44]; [@bib45] Typhoid feverHLA Class II[@bib23]; [@bib19] *LeishmaniaNRAMP1/Slc11a1*[@bib12]; [@bib61]*HLA*Reviewed in [@bib47]*TNF*[@bib12]*IFNgR1*[@bib60]*IL-4*[@bib60] *SalmonellaNRAMP1/Slc11a1*[@bib78] Inhaled *E. coli* LPS*TLR4*[@bib3]; [@bib25] Pyogenic bacteria*IRAK4*[@bib69][^1]

One of the classical examples of genetic susceptibility to infection is the role of the hemaglobinopathies in the outcome of malaria infection ([@bib68]). There are also certain chromosomal regions and families of genes that have attracted attention in terms of searching for susceptibility alleles or polymorphisms. Because the TLR family of receptors plays a major role in recognizing pathogens, it was speculated that genetic variation in these receptors or their signaling pathways might be responsible for some susceptibility phenotypes (reviewed in \[[@bib77]\]). One of the best examples to date is the occurrence of a single polymorphism in the region of the human TLR4 gene encoding the extracellular domain of the receptor which confers reduced sensitivity to inhaled *Escherichia coli* (*E. coli*) LPS ([@bib3]). Interestingly, when septic shock patients were compared with a control group, these lower-responding alleles were found only in the septic shock group and these individuals had a higher incidence of Gram-negative bacterial infection ([@bib25]). Such studies need further confirmation since there are also a number of studies that failed to find any linkage between TLR4 mutations and response to various infections ([@bib77]). There is also enormous variation in the response of individuals to LPS even in the absence of TLR4 mutations implying that variation may occur in other components of the TLR4 signaling system. An example of this is the link between IRAK4 mutations and increased susceptibility to infection with pyogenic bacteria ([@bib69]). Variation in other TLR genes has also been associated with disease susceptibility. For example, a mutation in the extracellular domain of TLR2 is linked to susceptibility to leprosy ([@bib2]) and a mutation in TLR5 increases susceptibility to *Legionella* ([@bib32]). Taken together these data support the idea that variation in the innate immune recognition of pathogens play an important part in governing susceptibility to an array of infectious diseases. However, caution needs to be exercised until larger population groups have been studied.

The extensive polymorphism at the chromosomal regions encoding major histocompatibility complex (MHC) proteins is thought to have arisen through natural selection in response to selective pressure from infectious disease. Although human leukocyte antigen (HLA) association with resistance or susceptibility to infectious disease has been difficult to identify because of the complex array of antigenic epitopes involved, a number of studies have implicated this locus in genetic susceptibility to infectious disease ([@bib30]; [@bib48]). MHC molecules fall into two classes, Class I that present foreign antigens to CD8+ cytotoxic T cells and Class II that play a similar role for CD4+ helper T cells. Variation in specific Class I genes has been shown to confer susceptibility to pulmonary tuberculosis and to HIV whereas mutations in other Class I genes confer resistance to HIV and to severe malaria. Class II mutations that confer resistance to hepatitis B or hepatitis C have been identified and susceptibility to typhoid fever and leprosy are also associated with specific Class II mutations. Further molecular analysis of these and other associations may in the future have an impact on the development of new vaccines and immunotherapeutics.

To date the most successful manner of identifying susceptibility genes in human populations has been the candidate gene approach. Candidate genes have emerged from many sources including mouse genetic studies as well as biochemical and function dissection of the immune system. Once a candidate gene is identified, the chromosomal region spanning this gene in the human genome is then scanned for the occurrence of specific mutations or for functional polymorphisms in case--control studies across populations or in linkage studies in family groups. Such studies have identified a number of well described susceptibility loci for infection with various pathogens. One of the most heralded example was the identification of a deletion in the chemokine receptor, CCR5, which was shown to confer resistance to HIV infection ([@bib17]; [@bib75]). Biochemically, this can be explained by the fact that CCR5 is a co-receptor for HIV on the surface of T cells ([@bib22]). A mutation in another chemokine receptor, CCR2, has also been shown to confer HIV resistance in certain Caucasian populations ([@bib66]).

Some genes have been associated with susceptibility or resistance to multiple pathogens. For example, variation in the *NRAMP1/Slc11a1* gene is associated with susceptibility to *Leishmania* and to specific intracellular bacteria such as tuberculosis ([@bib4]; [@bib31]; [@bib47]; [@bib78]). Mutations in the tumor necrosis factor (TNF) locus, mainly gene promoter mutations, have been linked with malaria and leprosy susceptibility ([@bib47]). Gene promoter or control region mutations have an impact on the level of protein produced from the gene rather than the function of the protein. This is an area of great interest but more difficult to study for several reasons, including the inability to identify control regions simply from sequence information and the complexity and flexibility of transcriptional control. A recent review detailing the genes associated with *Leishmania* susceptibility describes a number of genes that can affect disease outcome including the *interferon-gamma receptor type 1* (*IFNGR1*), the *interleukin-4 (IL-4*) gene and the *NRAMP-1/Slc11a1* gene ([@bib47]). These genes and others such as *interleukin-12* (*IL-12*) and its receptor are also linked with *Salmonella* and certain mycobacterial infections ([@bib47]). Thus, it is likely that variation in many genes can contribute to disturbing the finely balanced tuning of the immune system and lead to an altered response to a pathogen. It is clear from such studies that the same genes may be involved in susceptibility to an array of pathogens indicating a core immune response critical for any pathogen.

The identification of susceptibility loci for infection with various pathogens will aid in developing new diagnostic screens based on the detection of genetic variants in these loci. It could be envisaged that a person\'s susceptibility or resistance to a pathogen could be defined by a simple genotyping screen either prior to exposure to any pathogen or upon presentation with an infection. It may also be possible to determine the likely outcome of the infection through a genotyping screen. The definition of susceptibility loci will also contribute to our ability to develop new vaccines and therapeutics.

Exploring the Host Response through Expression Profiling {#s0030}
========================================================

The use of microarray technology to generate expression profiling data is becoming common place in biomedical research (reviewed in \[[@bib70]; [@bib82]\]). This technology allows the documentation of mRNA levels for thousands of genes from total RNA prepared from cells or tissue samples. The data obtained can be compared from sample to sample allowing the changes between samples to be documented and quantified. The "expression profile" for any cell or tissue is simply the list of genes whose expression can be detected using microarrays. The differences in the expression profile from one cell or tissue to the next or in cells treated in a specific manner is a surrogate measure of the cell/tissue phenotype and shows how that phenotype responds to its environment. Expression profiling is most useful when large datasets become available and when the data is combined with other data types and detailed bioinformatics studies. For example, using functional clustering of expression profiling data can help identify pathways that are important for a particular process and co-expression clustering combined with other technologies can help define regulatory networks within the cell.

Over the last 5--6 years, this technology has been applied to identifying the changes in gene expression that occur in response to infection by various pathogens ([@bib1]; [@bib10]; [@bib11]; [@bib24]; [@bib27]; [@bib38]; [@bib43]; [@bib42]; [@bib72]). To date there are more than 150 papers in the literature that describe gene expression changes that occur in response to infection with a plethora of pathogens and in many cell types (reviewed in \[[@bib38]\]). Many of these are *in vitro* studies, taking specific cell types and infecting them with specific agents including bacteria, viruses, parasites and yeasts. In addition, cellular responses to bacterial components have also been documented, helping to identify pathogen-specific responses as well as determining the pathogenic component responsible for the major gene expression effects. Virulent or non-virulent strains of specific pathogens as well as mutant organisms have been used to determine the gene expression profile associated with a negative or positive clinical outcome. Few *in vivo* studies have been carried out and have shed light on the more complex responses seen in whole animals and helped to validate the *in vitro* data.

Identifying a Common Host Response to Infection {#s0040}
-----------------------------------------------

Several pioneering studies demonstrated that microarrays could be used to determine changes in the gene expression profile of cells in response to virus or bacterial infection ([@bib9]; [@bib29]; [@bib37]; [@bib64]). These studies paved the way for the analysis of the host response to a wide variety of infectious agents. The most significant of these studies compared the response of macrophages or DCs to a variety of infectious agents in a single study. In these studies a strong shared response to all infections, be they bacterial, viral or parasitic in nature, was identified. Not only was there commonality from one infectious agent to another but there was also some commonality across cell types. This expression signature has been interpreted as a general "alarm signal" for infection (reviewed in \[[@bib38]\]). Studies of infection with Gram-positive and Gram-negative bacteria also revealed a common expression signature in peripheral blood mononuclear cells. Recently, the Young lab has interrogated all of the publicly available expression profiling data related to the host response to infection ([@bib38]). The dataset includes 785 experiments in cells ranging from macrophages and DCs to cells of the adaptive immune response, endothelial and epithelial cells and spanning a wide range of infecting agents. This meta-analysis revealed that a "common host response" can be detected across all of these cell types and infectious agents and show that although cells such as macrophages and DCs specialize in detecting infection, other cells of the body can mount the same "alarm response" as described above ([Figure 57.1](#f0010){ref-type="fig"} ).Figure 57.1Summary of the common host response to infection. This figure is adapted from [@bib38] and summarizes their meta-analysis of gene expression changes in response to infection with various pathogens or activation of a variety of cells with agents that mimic infection. Genes are grouped into general functional categories.

Not surprisingly this expression signature contains many genes associated with the immune system particularly those encoding inflammatory cytokines, chemokines and their receptors. However, some more surprising patterns of expression were also detected. It has been long known that interferon-stimulated genes (ISGs) are regulated by virus infection, but it has only recently been recognized that bacteria and other infecting agents can also illicit the interferon response. This was borne out in these meta-analyses where upregulation of an ISG set is observed across a broad range of infecting agents and cell types.

Not only do these cells change the expression of secreted factors and their receptors during infection but the intracellular milieu is also modified. Once again, there is a common pattern of change observed in all of these studies. The upregulation of signaling and transcription pathways that both augment and attenuate the immune response are observed leading to the interpretation that both positive and negative feedback loops operate within the cell to heighten or dampen the immune response. Temporal profiling can reveal extra layers of complexity and in one study a pro-inflammatory profile followed by an anti-inflammatory profile was identified in macrophages activated with LPS ([@bib87]). Meta-analysis of temporal studies of activation through different TLRs also revealed that the inflammatory chemokines/cytokine signature was an early response while the ISG response was later, presumably reflecting the need for an indirect activation of the ISGs through interferon production ([@bib38]). Changes in the expression level of genes involved in both activation and repression of apoptosis also fall under the "common signature" banner and this is interpreted as sending the cells into a state of high alert where apoptosis can be either initiated to eliminate infected cells or terminated if the infection resolves ([@bib38]).

Although these *in vitro* studies have provided an overview of the response of isolated cell types to pathogenic infection, *in vivo* studies are needed to validate any of these results before application to clinical medicine. A number of animal models have been used to profile the host response to infection with a variety of agents. These studies are complicated especially if whole tissue samples are used in that changes in gene expression can result not only from genuine changes within the cells of the tissue but also from the recruitment especially of immune cells into the infected or inflamed tissue. Nevertheless, *in vivo* studies have, in some cases, shown good correlation with the expression profiles found from *in vitro* studies. For example, profiling the brains of mice infected with virulent Sindbis virus revealed that ISGs as well as inflammatory chemokines were upregulated ([@bib39]) and in terms of diagnosis or treatment the exact reason behind these changes in expression signature may be irrelevant. *In vivo* studies also have some advantages in that the gene expression profiles detected in infected tissues will often make more sense when combined with other physiological or cell biology data from studies of the infected host. Thus an "infection signature" would not only describe the altered gene expression of the immune cells that are recruited to the sites of infection but also would include changes in the gene expression of the resident cells of the tissue and may provide a more robust profile of the infection process for use in diagnostic applications.

What can be applied to clinical medicine from these studies? The ability to detect an "infection signature" using focused microarrays could potentially be used as a diagnostic tool. There would be an immediate need to identify a core set of genes with sufficiently robust changes in gene expression to form the basis of a diagnostic array. Arraying technology would need to be priced for diagnostic use and the technology would have to be deemed sufficiently robust to pass all the quality control requirements of a diagnostic laboratory. No doubt progress will be made toward these goals in the near future.

Pathogen-Specific Responses {#s0050}
---------------------------

In addition to the "common host response" described above, microarray studies have revealed that pathogen-specific responses also exist. This is not surprising since it has long been known that different pathogens induce distinct arms of the adaptive immune response. For example, distinct types of helper T cells are activated in response to bacterial and viral infection compared to parasite infection and DC products such as cytokines and chemokines control the differentiation of T helper cell into the correct response type ([@bib63]). Thus, the fact that cells of the innate immune system display a pathogen-specific transcriptional response as well as a general alarm signal helps to dictate the subsequent immune response.

Different TLRs are involved in recognizing and responding to different pathogens. For example, TLR2 is responsible for activation in response to Gram-positive bacteria while TLR4 responds to LPS, a component of Gram-negative bacteria ([@bib7]; [@bib15], [@bib16]). TLR3 responds to dsRNA and thus dictates the viral immune response for many dsRNA viruses ([@bib7]; [@bib15], [@bib16]). Studies using bacterial components such as LPS and flagellin as well as dsRNA have revealed that each TLR induces a specific as well as general transcriptional response. The transcriptional response of macrophages and peripheral blood mononuclear cells is more robust in response to Gram-negative (TLR4) compared with Gram-positive (TLR2) bacteria and the ISG response is considerably reduced for the Gram-positive expression signature ([@bib9]; [@bib64]). These differences are further observed when bacterial components are used to activate cells. For example, LPS from Gram-negative bacteria, a specific ligand for TLR4, can activate the ISG profile but TLR2 ligands such as LTA and MDP cannot ([@bib38]). Not only the activation of specific gene sets but also the strength of the specific response signature may be important for the immune detection of the type of pathogen involved. *E. coli* infection of DCs strongly upregulates the chemokines/cytokine inflammatory cluster whereas infection with influenza or other single stranded (ss) RNA viruses (through TLR7) has a weaker ability to regulate this cluster but a stronger ability to regulate the ISG signature ([@bib37]; [@bib50]).

These types of results raise the possibility that the diagnosis of the type of pathogen involved in an infection would be helped by the development of customized microarrays that could distinguish the gene expression profiles elicited by particular pathogens. Additionally, arrays that also detect RNAs produced by the pathogen may be even more significant as a diagnostic tool.

Determining the Outcome of the Infection {#s0060}
----------------------------------------

An infecting agent can either be cleared from the body by the immune system mounting an appropriate response or cause severe or terminal pathology. The outcome depends on a multiplicity of events ranging from the genotype of the host, that is, whether the host displays a resistant or susceptible phenotype, the genotype of the infectious agent, that is, virulent or non-virulent strains and many other less defined environmental factors. Can genomic approaches be used to determine the outcome of infection? Clearly, as discussed above, the technology is developing to define susceptible and resistant host genotypes especially in animal models of infection but the ability to do this routinely in human populations is some way into the future. Given the smaller genomes of pathogenic organisms, defining virulence genotypes is progressing at a faster rate ([@bib13]; [@bib21]; [@bib26]; [@bib41]; [@bib51]; [@bib76]; [@bib89]).

Expression profiling studies have been used to investigate the differences in the host response to pathogenic and non-pathogenic strains of specific infectious agents. In one example, mice infected with a pathogenic strain of pneumonia virus upregulated the expected inflammatory chemokines/cytokine profile as well as the ISG profile but an attenuated strain of the same virus could not, although the virus replicated in the lungs of these mice to the same degree ([@bib20]). Temporal profiling of the infection process in animals will also help to define the expression signatures associated with the ability of the host to clear specific pathogens.2009 UpdateWith the ongoing threat of new or reemerging pathogens, the use of genomic approaches to understand the host response to infectious agents continues to gain momentum. The sequencing of viral pathogens has become routine and there are now more than 800 bacterial genome sequences publicly available (<http://www.ncbi.nlm.nih.gov/genomes>). This combined with the availability of the human genome and that of an increasing number of model organisms is allowing deeper insight into genomic aspects of host--pathogen interactions.Genetic susceptibility or resistance to pathogens is still an area of interest with new genetic associations being routinely identified. A number of new studies have again focused on the TLR gene family and their role in susceptibility to infection as well as disease progression. An excellent analysis of all the previous genetic association and functional studies on TLR4 has recently been published (Ferwerda et al., 2008). Some but not all of the association studies indicate a role for TLR4 polymorphisms in pathogen susceptibility (strongest for RSV infection), but many of these studies are small and lack statistical power and the larger studies tend not to find strong associations (Ferwerda et al., 2008). Similarly, functional studies do not always support an important role for TLR4 polymorphisms in controlling cellular responses such as cytokine production (Ferwerda et al., 2008). There are a number of recent association studies that have shown a link between polymorphisms in other TLRs, including TLRs 7, 8 and 9, and HIV susceptibility or disease progression (Bochud et al., 2007; Oh et al., 2007; Soriano-Sarabia et al., 2008). However, these studies will require further verification with larger genetic association studies and more detailed functional studies. Similarly, polymorphisms in the TLR genes continue to emerge as potential players in susceptibility to other pathogens such as TB (Ma et al., 2007). A relatively large association study (1312 individuals) combined with some functional studies revealed a correlation between polymorphisms in the TLR6, TLR1 and TLR10 genes, and the occurrence of TB in certain ethnic populations (Ma et al., 2007). Recent studies of the TLR adaptor protein, TIRAP/MAL, suggest genetic associations between polymorphisms in this protein and TB susceptibility (Hawn et al., 2006; Khor et al., 2007), again implicating the innate immune recognition system in controlling infectious disease responses. For a summary of the literature on genetic association and TB, the reader is referred to a recent review by Berrington and Hawn (Berrington and Hawn, 2007) and for a similar summary of TLR genetic association studies with various pathogens to Misch and Hawn (Misch and Hawn, 2008). It will be very important to clarify the role of the TLR recognition system in pathogen susceptibility and disease progression before any of this information can be applied to clinical screening or drug/vaccine development.Of particular note, the first whole genome association study to identify the host determinants of HIV-1 infection was recently published (Fellay et al., 2007). Two polymorphisms associated with viral load during the asymptomatic period of infection were located near major histocompatibility allele human leukocyte antigen loci. A second component of the study, examining the time of HIV disease progression, implicated two genes one of which encoded an RNA polymerase I subunit (Fellay et al., 2007). It will be important to follow up these genetic association studies with functional studies of the genes or loci implicated. Given the current availability of genomics resources, we are likely to see many more genome-wide association studies published in this area, a welcome addition to the candidate gene approach.The recently identified SARS virus has already been the subject of several small scale genetic association studies, especially in relation to the HLA loci. While some associations have been identified, they have not been replicated in different populations and so remain tentative (reviewed in Yang et al., 2008). SNP associations in other genes such as that encoding low serum mannose binding lectin (MBL) and the promoter of the RANTES gene have been replicated in different populations and may stand the test of time (Ng et al., 2007; Zhang et al., 2005).Expression profiling continues to be a useful tool in the analysis of the host--pathogen interaction. Some examples include a study of *in vivo* human rhinovirus infection (Proud et al., 2008), innate host reponses to Ebola virus and the consequences of a mutation in the virus VP35 protein (Hartman et al., 2008 ) and Leishmania infection of human macrophages (Guerfali et al., 2008 ). These and many other studies are leading to the identification of general molecular consequences of infection as well as the specific consequences of individual pathogens. A recent review outlines the many insights gained into virus--host interaction using functional genomics as well as the use of these approaches in developing and evaluating vaccines (Katze et al., 2008). Studies in model organisms such as *C elegans* support many of the findings in humans (Wong et al., 2007) and provide a useful tool for detailed functional investigation. The "systems biology" approach to study infectious disease is being extended by the use of proteomic profiling. Two recent articles illustrate the usefulness of this approach in examining the response of a human cell line to the avian H9N2 influenza virus (Liu et al., 2008) and of human macrophages to *M tuberculosis* lipids (Shui et al., 2009). Systems biology approaches are moving rapidly in this and other biomedical fields and no doubt the next few years, given the advent of deep sequencing, will see enormous new strides in understanding host--pathogen interactions (for a recent review in relation to virus infection see Tan et al., 2007). Other developments will undoubtedly lead to easier application of these technologies to the clinic in the foreseeable future.ReferencesBerringtonW.R.HawnT.R.*Mycobacterium tuberculosis*, macrophages, and the innate immune response: Does common variation matter?Immunol Rev219200716718617850489BochudP.Y.Polymorphisms in Toll-like receptor 9 influence the clinical course of HIV-1 infectionAIDS214200744144617301562FellayJ.A whole-genome association study of major determinants for host control of HIV-1Science3175840200794494717641165FerwerdaB.Functional consequences of toll-like receptor 4 polymorphismsMol Med145--6200834635218231573GuerfaliF.Z.Simultaneous gene expression profiling in human macrophages infected with Leishmania major parasites using SAGEBMC Genomics9200823818495030HartmanA.L.Whole-genome expression profiling reveals that inhibition of host innate immune response pathways by Ebola virus can be reversed by a single amino acid change in the VP35 proteinJ Virol821120085348535818353943HawnT.R.A polymorphism in Toll-interleukin 1 receptor domain containing adaptor protein is associated with susceptibility to meningeal tuberculosisJ Infect Dis194820061127113416991088KatzeM.G.Innate immune modulation by RNA viruses: Emerging insights from functional genomicsNat Rev Immunol88200864465418654572KhorC.C.A Mal functional variant is associated with protection against invasive pneumococcal disease, bacteremia, malaria and tuberculosisNat Genet394200752352817322885LiuN.Proteomics analysis of differential expression of cellular proteins in response to avian H9N2 virus infection in human cellsProteomics8920081851185818398875MaX.Full-exon resequencing reveals toll-like receptor variants contribute to human susceptibility to tuberculosis diseasePLoS ONE2122007e131818091991MischE.A.HawnT.R.Toll-like receptor polymorphisms and susceptibility to human diseaseClin Sci1145200834736018230059NgM.W.The association of RANTES polymorphism with severe acute respiratory syndrome in Hong Kong and Beijing ChineseBMC Infect Dis720075017540042OhD.Y.A functional toll-like receptor 8 variant is associated with HIV disease restrictionJ Infect Dis1985200870170918605904ProudD.Gene expression profiles during in vivo human rhinovirus infection: Insights into the host responseAm J Respir Crit Care Med1789200896296818658112ShuiW.Quantitative proteomic profiling of host--pathogen interactions: The macrophage response to *Mycobacterium tuberculosis* lipidsJ Proteome Res81200928228919053526Soriano-SarabiaN.Influence of the Toll-like receptor 9 1635A/G polymorphism on the CD4 count, HIV viral load, and clinical progressionJ Acquir Immune Defic Syndr492200812813518769358TanS.L.Systems biology and the host response to viral infectionNat Biotechnol251220071383138918066032WongD.Genome-wide investigation reveals pathogen-specific and shared signatures in the response of *Caenorhabditis elegans* to infectionGenome Biol892007R19417875205YangX.Infectious disease in the genomic eraAnnu Rev Genomics Hum Genet92008214818767959ZhangH.Association between mannose-binding lectin gene polymorphisms and susceptibility to severe acute respiratory syndrome coronavirus infectionJ Infect Dis192820051355136116170752
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[^1]: This lists includes genes identified in both mouse and human studies.
